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ABSTRACT. Miniaturization is a key aspect for many technological applications and the use of 
microreactors is an excellent solution for the intensification of chemical processes for a variety 
of applications. However, standard microfabrication requires large facilities and intricate 
fabrication protocols, and consequently it is not easily available, generally resulting in high 
production costs. Herein, we present a very cheap, fast and easy microreactor design for 
photocatalytic applications based on direct fused filament 3D printing as a facilitating and 
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widespread technology. The microreactor consists of three bodies directly printed in ABS 
(Acrylonitrile Butadiene Styrene): a main body with a serpentine microchannel pattern where the 
photocatalyst is placed, a top holder with a transparent polymer window, and a base to clamp the 
parts. Several microreactor units were coated with TiO2 doped with Cu (2.4 wt.%) nanoparticles 
synthesized by FSP (Flame Spray Pyrolysis) and tested for the photocatalytic degradation of two 
water pollutants showing excellent performance. 
INTRODUCTION 
Green chemistry is a route toward production sustainability, and microreactors are one of the 
tools available to make it possible, thanks to their enhanced mass and heat transport properties in 
comparison to conventional reactors.1–3 A microreactor is a device with interconnected 
microchannels in which a chemical reaction is carried out. The inner characteristic dimensions 
are typically below 1 mm. This miniaturization mainly offers high surface-to-volume ratio, 
controllable interaction between reactants and mass diffusion, lower energy consumption, 
excellent heat exchange and temperature control, minimization of light loss in photoreactions, 
better product selectivity, and the opportunity to integrate processes in an automated manner.4–6 
These features make microreactors an ideal solution to handle multiple reaction systems,7–10 
especially in heterogeneous photocatalysis, where a close interaction between the incident light, 
catalyst and reactants is much needed and hardly achieved in conventional systems.11,12  
Microreactors, like other microfluidic devices, can be manufactured by different techniques 
such as standard photolithography, soft lithography, micromolding or laser ablation, and a large 
variety of construction materials are available, such as silicon, glass, polymers, and metals.13,14 
Mainly, polydimethylsiloxane (PDMS) elastomer has been used as construction material due to 
its outstanding properties of biocompatibility, flexibility, and optical transparency in the UV-Vis 
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range, which make it appropriate for multiple applications, including photocatalysis and 
photochemistry.15,16 PDMS microchannel reactors have been fabricated by soft lithography 
followed by casting and bonding processes. 
Nowadays, direct 3D printing (additive manufacturing) of microdevices is attracting more and 
more attention due to its versatility, low cost, simplicity, availability, and rapid prototyping.17,18 
Among the different types of 3D-printing techniques,19 fused filament fabrication (FFF) (also 
known as Fused Deposition Modeling – FDM) has become the most popular because of its 
suitability even for homemade applications and its very low cost. FFF allows 3D objects to be 
created through layer-by-layer addition of a fused polymer filament under precise digital control. 
The resolution depends on the diameter of the nozzle through which the thermoplastic is 
extruded (0.2–0.8 mm), and satisfactory values are achieved for many applications. The ease of 
use, fast prototyping and roughly micro-scale accuracy make FFF 3D-printing an ideal tool for 
fast manufacture of microfluidic devices in different fields of application.20–23 
Photocatalysis is one of the areas where microreactor prototyping by 3D printing can have a 
big impact. Figure 1 depicts the three fabrication protocols assisted by 3D FFF that can be 
followed to manufacture photocatalytic microreactors:  
i) The molding and PDMS replica protocol is based on the standard fabrication of microfluidic 
devices. In this case, the mold is directly built by 3D printing instead of regular SU-8 
photopolymer fabrication by photolithography techniques in sophisticated clean-room 
facilities.24,25 The advantages are the ability to reuse the mold can be reused, the ease of  
incorporation of the photocatalyst directly on the channels, and much better scale-out 
possibilities of the microreactors because they can be mounted in three dimensions due to their 
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complete transparency.26,27 In contrast, a plasma bonding is necessary to seal the union with 
another PDMS or glass piece, which makes the process difficult. 
 
Figure 1. Fabrication protocols of photocatalytic microchannel reactors assisted by FFF 3D 
printing: i) mold and replica, ii) sacrificial mold and iii) direct prototyping proposed in this work. 
ii) The sacrificial mold protocol follows the idea proposed by Saggiomo and Velders,28,29 
where negative channels are directly 3D printed in ABS and subsequently immersed into PDMS, 
and then the ABS is dissolved in acetone, releasing the channels. Here, the distinguishing 
advantages are that the whole of the PDMS block is one piece, avoiding any leakage, allowing 
intricate and multilevel microchannel designs to be carry out, and offering full integration of the 
photocatalyst in the reactor walls; however, the release step of the sacrificial ABS mold can be 
very tedious for channels with a of characteristic dimension below 1 mm;30 in addition, the mold 
is lost and waste is generated. 
iii) Direct prototyping of the microreactor by an FFF-type printer allows versatile, fast, and 
easy fabrication of microfluidic devices,17,18,31 but unfortunately, there are no whole range 
transparent (UV-Vis) materials that permit light to pass through them to be accessible to the 
photocatalyst. To solve this, in this work, a three-part reactor design is proposed, including a 
PDMS cover to seal the channels and serve as an optical window. In addition to the easy 
 5
fabrication of the microreactor body, the photocatalyst can be straightforwardly integrated on the 
channels by, for example,. drop-coating; however, as the main body of the microreactor is 
opaque, only scaling-out in the same plane is allowed. 
Here, we have implemented reactor dimensions for correct and accurate 3D printing, made 
different modifications of the wall design and studied the effects of the PDMS curing parameters 
to achieve good sealing and prevent leaking and bypassing. The reactor could also be directly 
printed on a composite filament (ABS + photocatalyst)32–34 with only slight changes in the 
printing parameters, further simplifying the fabrication. This cheap and fast procedure could 
facilitate the use of microreactors in photocatalyst testing and increase the possibilities of process 
intensification with microchannel reactors. 
 
MATERIALS AND METHODS 
Photocatalyst Nanoparticles Production  
The synthesis of TiO2 nanoparticles (NPs) doped with Cu (Cu-TiO2) was carried out by the 
Flame Spray Pyrolysis (FSP)35,36 technique. Preliminary studies carried out in our laboratories 
with different Cu loadings (see Graph 1 in Figure S1 of the Supplementary Information – SI) 
showed that 2.4 wt.% Cu presented a superior catalytic performance. So, an FSP pilot plant 
constructed by Lurederra Technology Centre with a production capacity of 100 g h-1 was 
primarily optimized to adjust the flame parameters for the target material composition (2.4 wt.% 
Cu on TiO2 and bare TiO2 for comparative experiments). This one-step process begins with the 
controlled feeding of a liquid mixture of the metallic precursors through an atomizer into a high-
temperature flame (see Images A and B of Figure S1 of the SI). This mixture was based on 
ethylhexanoate, propoxide and acetylacetonate of Ti and Cu in an atomic ratio of 1:32 (Cu:Ti), 
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combined with isopropyl alcohol and acetic acid as solvents and suitable additives to adjust the 
heat of combustion and viscosity. The precursor flow rates studied were in the range of 10–
30 mL·min-1. The dispersion gas (O2) was set at 30–40 mL·min
-1, and the nozzle pressure was 
typically around 2-4 bar. Cu-TiO2 nanoparticles were collected downstream by a specific sleeve 
filter system. Physicochemical characterization was carried out by several techniques: XRD (D-
Max Rigaku, Ru300), diffuse reflectance (Flame Ocean Optics spectrophotometer with 
reflectance probe), N2 adsorption (Tristar II 3020 multi-sample specific surface area analyzer) 
and TEM-EDS (FEI Tecnai F30 transmission electron microscope). 
 
Microreactor Design and Fabrication 
The design of the microreactors was performed with computer-aided design software 
(SolidWorks®). As depicted in Figure 2, the ensemble consists of three parts: a main body 
containing a serpentine-shape channel with a trapezoidal section (1.5 × 1 × 0.5 mm) and channel 
volume of ca. 0.3 mL, a top cover with a transparent PDMS (polydimethylsiloxane) window, and 
a base, with the complete device being held by four 3D printed clamps. ABS polymer was 
selected as the construction material because of its good thermal and mechanical properties 
coupled with easy extrusion.37 The printing parameters were adjusted by the slicing application 
Ultimaker Cura® and the three parts were printed in ABS (SMARTFIL® ABS Smart Materials 
3D) using an affordable 3D printer Creality Ender 3 (extrusion parameters: nozzle 400 µm, 
235 ºC, 1.75 mm filament). STL files, detailed drawings, and additional details about Cura 
slicing parameters are available in the SI (Table S1).  
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Figure 2. A) Assembly scheme of the microreactor parts including clamps for holding the group 
together and B) main body, top view and cross-section of the serpentine channel (dimensions in 
mm). 
Prior to assembling and sealing the parts together, the main body was coated with 3 mg of the 
Cu-TiO2 photocatalyst by the drop-coating method. To this end, 10 mg of Cu-TiO2 NPs were 
dispersed in 1 mL of H2O 1:1 propane-1,2-diol (Aldrich) (v/v), the dissolution was sonicated 
vigorously, and afterwards 100 µL of the dispersion was deposited homogeneously with a 
micropipette on the serpentine channel. Drying was conducted in an oven at 100 °C for 15 min. 
The process was repeated three times to attain 3 mg of coating, which corresponds to a catalyst 
loading of ca. 0.85 mg·cm-2. 
The different steps followed for assembling the microreactor components are represented in 
the scheme of Figure S2 in the SI. In brief: (i) the optical window in the top cover part was 
fabricated from a UV-VIS transparent (from 300 to 800 nm) polymer PDMS (Sylgard 184, Dow 
Chemical Company), mixing the prepolymer (elastomer) and the curing agent (cross-linker) in a 
10:0.8 (w/w) ratio and degassed under vacuum (20 mm Hg) for 30 min; (ii) then, the top cover 
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piece was stuck face-up on scotch tape and ca. 1.4 g of liquid PDMS was poured on the hole for 
the window; (iii) then, the piece was placed in an oven for 9 min at 70 °C, after which the PDMS 
was half cured and remained slightly liquid; (iv) finally, the main body and the base were 
carefully located face-down on the cover to seal the reactor and the group was clamped with the 
PDMS. The assembled parts were kept in the oven for 15 min to harden the PDMS. The resulting 
thickness of the final PDMS window was ca. 2.5 mm. 
 
Photocatalytic experiments 
Two different photocatalytic reactions were selected to study the catalytic behaviour of the Cu-
TiO2 NPs and the microreactor performance: the photooxidation of 10 mg·L
-1 of methylene blue 
(MB) (Panreac) and the photoreduction of 20 mg·L-1 of 4-nitrophenol (4NP) (Aldrich) in water 
using 1 mg·mL-1 of NaBH4 (Aldrich) as reducing agent. Blank reactions were also performed 
with microreactors coated with undoped TiO2 NPs. Photoreactions were carried out using the 
experimental set-up shown in Figure S3 of the SI. Briefly, a highly efficient 2 W LED at 
365 ± 2 nm (1200 mW radiant flux) (Engin LZ1-10U600) was selected as the source of light. 
The reactor was placed under de LED at a distance of 25 mm. Reaction monitoring was 
performed by UV-Vis spectrometry following the absorbance peak decay at 400 nm for 4NP 
photoreduction to 4-aminophenol (4AP), and the absorbance lines at 663 nm (monomer) and 
615 nm (dimer) for MB photodegradation.38,39 Absorption spectra were collected every minute 
by using a compact spectrophotometer (Flame, Ocean Optics) with a very low volume flow cell 
that was placed downstream (dead volume ca. 80 µL). Experiments were carried out at different 




RESULTS AND DISCUSSION 
Photocatalyst characterization 
FSP has been demonstrated to be a versatile technique for the controlled production of oxides 
doped with other co-catalyst elements for photocatalytic applications.40–42 Homogeneity and 
excellent chemical compatibility are required for the precursor liquid mixture, so it was prepared 
taking into account several aspects of chemical interactions such as solubility and viscosity of the 
compounds containing the metal cations (Ti and Cu). Several precursors such as 
ethylhexanoates, propoxides, acetylacetonates, acrylates, nitrates, butoxides, and acetates, 
solvents (ethanol, toluene, acetic acid, xylene, isopropanol, acetonitrile) and additives for 
viscosity control were considered. The selected final mixture resulted in a solution with a high 
heat of combustion of 30877 kJ·kg-1 to prevent incomplete combustion and a viscosity of 7 cps 
to facilitate the spray atomization through the nozzle during operation.  
 
Figure 3. A) Representative TEM image, B) XRD pattern, and C) diffuse reflectance spectrum 
of Cu-TiO2 NPs. Bare TiO2 NPs data are included for comparison.  
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A representative TEM image of the FSP-synthesized Cu-TiO2 NPs is shown in Figure 3A. 
During the FSP reaction, several processes occurred within a very short residence time (within 
the order of microseconds) in the flame, such as fine atomization, aerosol droplet evaporation, 
precursor combustion and oxide formation, agglomeration, sintering and surface growth. The 
process parameters, the mainly precursor feed rate, dispersion gas flow rate, and spray conditions 
including pressure, and so on were adjusted and optimized to achieve high purity, low 
aggregation and small particle size. The resulting particle mean diameter dp was 17.3 ± 4.1 nm 
and the BET specific area calculated from the N2 adsorption experiments was 82.2 m
2·g-1. EDS 
quantitative analysis indicated that the Cu content in the TiO2 matrix was 1.62 ± 0.25 wt.%, and 
therefore, lower than the theoretical one in the precursor mixture (2.4 wt%). This result suggests 
that some part of the Cu was segregated during FSP synthesis, probably as CuO aggregates not 
incorporated in the TiO2 matrix. XRD analyses (Figure 3B) show a similar ratio of anatase/rutile 
TiO2 phases in both samples, with and without Cu (ca. 61% and 39% rutile).
43 The diffuse 
reflectance measurements (Figure 4C) show an absorption band in the visible region starting at 
ca. 550 nm for the Cu-containing sample, which is mainly due to the d-d transition of Cu(II) in 
the environment of crystalline of TiO2.
44,45 From the Tauc plot (Figure 3C inset) the bandgap of 
the Cu-TiO2 sample (3.21 eV) was barely red-shifted in comparison to bare TiO2 (3.32 eV),
46 so 
we can assume that Cu is intercalated in the TiO2 matrix.  
 
Microreactor fabrication 
The final printed main bodies and microreactors are shown in Figure 4. Inlet and outlet ducts are 
directly printed in the main body, facilitating connectivity to flexible tubing during operation. 
Achieving a perfect seal to avoid any leakage or bypassing between channels is essential for any 
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microfluidic device, so two modifications of the basic serpentine design were adopted: a 
perimeter-sealing channel in the main body piece and elevation of the channel walls. Sealing is 
performed with the PDMS of the optical window during the curing step. When assembling the 
serpentine channel with the top cover, part of the uncured PDMS must spill over the channel to 
seal the union, avoiding bypassing.  
 
Figure 4. Photographs of 3D printed devices: A) main bodies and B) assembled microreactors 
SEM images of the serpentine channel: C) cross-section with trapezoidal shape prior to 
photocatalyst NP coating and D) top view of a channel coated with the catalyst. 
The cross-section scheme depicted in Figure 2B illustrates how part of the channel is filled 
with the PDMS. Similarly, the perimeter-sealing channel over which excess the PDMS spills 
during assembly making a PDMS seal, is also marked. Another key parameter to achieve good 
sealing is the curing grade of the polymer prior to assembly; if the PDMS is slightly cured, 
channels can be blocked, but if it is completely cured it does not provide any sealing. So, after 
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several checks it was found that 9 min at 70 °C was the most favourable condition. Several 
microreactors were printed (Figure 4A) and assembled (Figure 4B) following the described 
procedures. All the printed microreactors were tested with 60 mL·h-1 of distilled water to 
corroborate that no leaks occurred under photocatalytic reaction conditions.  
The SEM images in Figure 4C and 4D show the cross-section of the as-printed main body, 
indicating the final channel dimensions and the top view of the channel homogenously coated 
with the photocatalyst. The resolution of the printing can be improved by changing the 0.4 mm 
nozzle for a smaller one, that is, a 0.2-mm nozzle. Using a 0.2-mm nozzle, a microreactor with a 
squared 0.5 × 0.5 mm section was satisfactorily fabricated (see Figure S4); however, the increase 
in the printing time required, which reduced the production capacity, led us to select a larger 
section channel. Although the microreactor design was optimized to be fabricated by an FFF 
printer, in the case of needing much higher accuracy and precision in the channel dimensions, 
this same protocol can be followed by using SLA 3D printing with a proper photopolymer resin 
(see Figure S5); moreover, thanks to the new microSLA printers, this technology is affordable 
today. 
 
Photocatalytic reactor performance 
Several microreactors coated with Cu-TiO2 NPs synthesized by FSP were employed for the 
degradation of two water pollutants; MB and 4NP. Photocatalytic experiments have 
demonstrated a much higher activity of Cu-TiO2 NPs than bare TiO2 (Figure 5). It is well known 
that the photoreduction of 4NP to 4AP is assisted by the electrons involved in the interaction of 
the semiconductor photocatalyst with light, while degradation of MB takes place by 
photooxidation of the organic matter by means of the photogenerated oxidant radicals (OH-). At 
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a very low flow rate of 2.5 mL·h-1 (tr = 432 s), the extent of the photoreduction of 4NP to 4AP 
(Figure 5A) reached a value above 99%, whereas for bare TiO2 it was only 25%.  
 
Figure 5. Photocatalytic experiments in the microreactors loaded with Cu-TiO2 NPs at a feed 
flow rate of 2.5 mL·h-1 (tr = 432 s) (spectra taken at a reaction time of 30 min): A) 
photoreduction of 20 mg·L-1 4NP to 4AP, and B) photodegradation of 10 mg·L-1 MB. C) 
Monitoring of the degradation of 10 mg·L-1 MB (wavelength 615 nm) at different feed flow rates 
(2.5, 5, 10, and 20 mL·h-1). 
As expected, the photoreduction of 4NP (Figure 5A) was efficiently catalyzed in the presence 
of metallic dopants like Cu.47 At the same tr, (Figure 5B) the MB photooxidation was practically 
completed (95% conversion) with Cu-TiO2 NPs, while the conversion was also high (above 
80%) for bare TiO2, also evidencing a positive effect of the dopant on the photodegradation 
activity of titania.48–50 Finally, Figure 5C shows the performance of the reactors at different flow 
rates corresponding to residence times from 54 to 432 s. As shown, once the UV LED is on, the 
MB absorbance (MB dimmer: λ = 615 nm) goes down, reaching a fluctuating value after 
approximately 15 min. At the highest feed flow rate employed, 20 mL·h-1, which corresponds to 
a residence time below 1 min, ca. 40% conversion is achieved. This value increases up to 80% 
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for a residence time of about 3.5 min (5 mL·h-1), evidencing the good performance of the 
microchannels reactor, meaning that an efficient contact between light, the catalyst and the 
reactants is achieved. 
It is also important to highlight the relevance of performing photocatalytic studies in 
microreactors in order to standardize results, compare materials, minimize reactant waste, screen 
photocatalysts, and study various reactor–catalyst configurations.51 
 
CONCLUSIONS 
We have presented a new method of the fabrication of microchannel photoreactors where the 
pieces are directly 3D printed in ABS, avoiding casting and molding steps. By using this cheap 
and widely accessible technology (a fused filament printer), the fabrication of a variety of 
designs is possible without the need for access to microfabrication facilities. The fabricated 
microreactors have been employed in model reactions of photocatalytic applications. Sealing the 
microreactor parts to avoid any leakage was the key step of the procedure. This was 
accomplished during curing of the PDMS that forms the optical window. With good control of 
the curing time (9 min) and temperature (70 °C), microreactors could be sealed with the liquid 
PDMS without collapsing the microchannels as the same time as the transparent window was 
completed. Several microreactors were fabricated with Cu-TiO2 NPs synthesized by FSP as 
photocatalytic coating for the photooxidation of methylene blue and the photoreduction of 4-
nitrophenol. Photoactivity experiments have demonstrated the good performance of the 
microreactors at different residence times. It can be concluded that this cheap, easy, fast and 
widely available technique to fabricate microreactors could be very helpful to many researchers 
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SYNOPSIS. Fused filament 3D printing was used for easy, fast and cheap fabrication of 
microreactor for photocatalytic applications. 
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